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Abstract 28
Background 29
It is now well established that eukaryote genomes have a common 30 architectural organization into topologically associated domains (TADs) and 31 evidence is accumulating that this organization plays an important role in 32 gene regulation. However, the mechanisms that partition the genome into 33
TADs and the nature of domain boundaries are still poorly understood. 34
Results 35
We have investigated boundary regions in the Drosophila genome and find 36 that they can be identified as domains of very low H3K27me3. The genome-37 wide H3K27me3 profile partitions into two states; very low H3K27me3 38 identifies Depleted (D) domains that contain housekeeping genes and their 39 regulators such as the histone acetyltransferase-containing NSL complex, 40
whereas domains containing mid-to-high levels of H3K27me3 (Enriched or E 41 domains) are associated with regulated genes, irrespective of whether they 42 are active or inactive. The D domains correlate with the boundaries of TADs 43 and are enriched in a subset of architectural proteins, particularly Chromator, 44 BEAF-32, and Z4/Putzig. However, rather than being clustered at the borders 45 of these domains, these proteins bind throughout the H3K27me3-depleted 46 regions and are much more strongly associated with the transcription start 47 sites of housekeeping genes than with the H3K27me3 domain boundaries. 48
Conclusions 49
We suggest that the D domain chromatin state, characterised by very low show enriched CTCF binding [5] . Subsequent higher resolution studies 97 revealed a refined TAD map with a median TAD size of 185 kb and an 98 association between orientated CTCF binding sites and TAD boundaries, 99 indicating a link between CTCF-dependent chromatin loops and TAD domains 100 [8, 15] . In Drosophila, TAD boundaries are associated with a number of 101 with transcriptional regulation of the genes within the boundary regions. 135
136
In this paper we present an investigation into boundary regions in the 137
Drosophila genome. We find that they can be identified as domains of very 138 low H3K27me3 levels. The genome-wide H3K27me3 profile partitions into two 139 states; very low H3K27me3 identifies domains that are highly enriched in 140 housekeeping genes whereas domains containing regulated genes, 141 irrespective of whether they are active or inactive, contain mid-to-high levels 142
of H3K27me3. The domains depleted in H3K27me3 correlate with the 143 boundaries of TADs and are enriched in architectural proteins, particularly 144
Chromator, BEAF-32 and Z4/Putzig. However, rather than being clustered at 145 the borders of these domains, these proteins bind throughout the H3K27me3-146 depleted regions and are much more strongly associated with the TSSs of 147 housekeeping genes than with H3K27me3 domain boundaries. We suggest 148 that the primary function of these proteins is linked to the transcriptional 149 regulation of housekeeping genes and that this activity sets up chromatin 150 regions that act to separate topological domains, thereby establishing the 151 domain architecture of the genome. Drosophila spermatogenesis, we characterised the profile of the repressive 159 histone mark, H3K27me3, in chromatin from purified primary spermatocytes. 160
The profile is strikingly different to profiles of H3K27me3 found with embryo 161 chromatin. In the embryo data the prominent feature is the enrichment of 162 H3K27me3 in domains containing target sites of Polycomb (Pc) silencing 163 complexes whereas in primary spermatocyte chromatin H3K27me3 appears 164 much more widespread ( Fig. 1 To associate levels of H3K27me3 with states of gene expression in primary 175 spermatocytes, we examined the H3K27me3 levels at the TSSs of different 176 gene classes. We find that the lowest levels of H3K27me3 are tightly 177 associated with constitutively expressed (housekeeping) genes (Fig. 1b) . In 178 contrast, regulated genes, whether active or inactive, are associated with 179 higher levels of H3K27me3. Induced genes active in primary spermatocytes 180 (spermatogenesis genes) have moderate levels of H3K27me3, whereas 181 inactive genes (not expressed in testis) and Pc targets are associated with 182 higher H3K27me3 levels. In other cells it is also clear that significant levels of 183
H3K27me3 are not only associated with canonical Pc target genes ( Fig. 1b,c) . 184
A developmental time course indicates that whereas housekeeping genes are 185 always associated with very little or no H3K27me3, the "moderate" class 186 represented by regulated genes (spermatogenesis and not expressed in testis 187 classes) shows increasing H3K27me3 levels. Whilst significantly higher than 188 the housekeeping levels in all profiles, the "moderate" levels are relatively low 189 early in development but then rise to become closer to the level associated 190 with Pc-targets by the pupal stage ( Fig. 1d it suggests that prominent TADs do not simply abut each other  250   with a discrete boundary at the junction. Rather, it suggests a model where  251   neighbouring prominent TADs are separated from each other by an  252 intervening region corresponding to a D domain ( Fig. 3c) . the enrichments at housekeeping TSSs versus D/E borders we find much 292 more enrichment at TSSs than borders. CTCF shows less strong enrichment 293 at housekeeping TSSs, but interestingly it is still more strongly enriched at 294 housekeeping TSSs than at D/E domain borders ( Fig. 4e ). 295 296 D and E domains are topologically distinct 297
As noted above, the E regions generally correspond to prominent TADs, i.e. 298 regions of enhanced interaction with widespread interactions across the 299 domains ( Fig. 3) . In contrast, D domains, even if they are long, have a 300 different appearance in the interaction map with less prominent long-range 301 interactions ( Fig. 5) . This difference is evident in a plot of short-range (5-50kb) 302 versus long-range (50-500kb) interactions where the D domains correspond 303 to regions with high short-range versus long-range interaction ratios. 304
Accumulating the interaction length data across the genome, we find that D 305 and E domains have significantly different profiles ( Fig. 5b ) with D domains 306 associated predominantly with short-range interactions and a more rapid fall 307 in interaction density with increasing interaction length. 308 309
Interaction of D domains 310
In the genomic interaction maps there is evidence for interaction between D 311
regions. This is seen as areas of enhanced interaction that sit on top of E 312
TADs, corresponding to interaction between the two D domains that flank the 313 Testis dissections, cell extraction and fixation: Testes were dissected in ice-464 cold Schneider's medium (supplemented with 10% fetal calf serum) and 465 incubated with collagenase (5 mg ml −1 , Sigma-Aldrich C8051) plus protease 466 inhibitors (Sigma-Aldrich P8340) in medium for 5 min at room temperature. 467
After washing in medium, cells were extracted by gently pipetting for 5 min in 468 100 µl medium, using a P200 tip (Rainin RT-200F; with 1.5 mm of the tip cut 469 off to increase the diameter of the opening) and fixed by adding an equal 470 volume of 2% formaldehyde (Sigma-Aldrich F8775) in PBS. Cells were mixed 471 thoroughly and incubated for 10 min at 23°C in an Eppendorf Thermomixer at 472 700 rpm. Fixation was stopped by adding 400 µl ice-cold medium and placing 473 the sample on ice. The sample was centrifuged in a swing-out rotor at 1,000 g 474 for 5 min at 4°C and the pellet snap frozen in liquid N 2 prior to storage at 475 −80°C. A total of 1,000 testes were dissected for each ChIP-array replicate. 476
Testes were dissected in batches of 100 and, for each batch, the time from 477 the start of dissection until fixation was approximately 1 hr. 478 Microarray data processing: We performed two biological replicates with a 516
Cy3/Cy5 dye swap. Input chromatin was used as the reference to determine 517 ChIP enrichment. Arrays were scanned and the images processed using 518 NimbleScan software to generate raw data (*.pair) files for each channel. 519
Loess spatial correction was performed using the NimbleScan software and 520 an in-house R script was used to generate normalised log 2 ChIP/input ratio 521 (*.sgr) files. For each array the median intensity per channel was scaled to 522 500 then quantile normalisation was performed across all channels. The 523 normalised ratio scores for both arrays were averaged then smoothed by 524 computing the mean score per 1 kb tiling window. The resulting *.bedgraph 525 file was visually examined using the Integrated Genome Browser [54] . 526
HiC 527
HiC protocol was based on the methods described in [6, 36, 55] . 528
Cell Collection: Kc167 cells (obtained from the Drosophila Genomics 529
Resource Center) were cultured in 10cm Petri plates in Schneider's medium 530 supplemented with 5% fetal calf serum and antibiotics at 25°C. Cells from 6 531 plates were harvested into sterile 50 ml centrifuge tubes. The cells were 532 collected by centrifugation at 1,200 rpm for 5 min at 4°C then re-suspended in 533 10 ml fresh medium and the cell concentration determined using a 534 haemocytometer. 1 x10 8 cells were resuspended to a total volume of 45 ml in 535 fresh medium, fixed by the addition of 1.25 ml 37% formaldehyde solution and 536 incubated with gentle shaking on a platform shaker at room temperature for 537 10 min. The reaction was stopped by adding 2.5 ml 2.5M glycine and further 538 incubation at room temperature for 5 min followed by 15 min on ice. The 539 cross-linked cells were divided into 4 x 15 ml falcon tubes (~12.3 ml per tube) 540 and collected by centrifugation at 1,500 rpm for 10 min at 4°C. The 541 supernatant was discarded and the fixed cells were flash frozen in liquid N 2 542 then stored at -80°C. 543 Table  633 S1. Interactions were binned at 10 kb resolution. Contact matrices were 634 normalised using the GOTHiC_1. given in Table S2 . 679
Fraction of genes in class 680
Gene expression score data for 25 Drosophila cell lines were downloaded 681 from Supplemental Table S-3 
Interaction Fractions 691
HiC interactions were binned at 5kb resolution and normalised using GOTHiC. 692
Interactions for each 5 kb genomic bin up to 1 Mb distance were collected, 693 excluding genomic coordinates located within 1 Mb of the chromosome ends. 694
The sum of the interactions for each bin were set to 1 and fractions for close 695 (5-50kb, thus ignoring interactions which are within 5kb of each other) and far 696 (50-500kb) calculated. Bins with no interactions and bins with extreme high 697 interaction sum (> 97.5 th percentile) were excluded. The ratio is given as 698 fraction close/fraction far. 699 700
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